We report on the synthesis of (Ti,Zr)C containing Al deposited using a compound (Ti,Zr)2AlC MAX phase target. The structure, chemistry and microstructure of the films are discussed and have shown that Al distorts the crystal structure of the solid solution carbide. Furthermore, depositions of more than 60 min have resulted in films containing MAX phase features. The compositional analysis of these features has shown that the composition varies from a Zr-rich to a Ti-rich MAX phase. Furthermore, we show that there are two steps towards the growth of the MAX phase: first the deposition of a seed layer whose composition varies from Zr-rich to Ti-rich with low Al content and second the growth of the MAX phase-containing carbide.
Introduction
The carbides based on early transition metals are an important class of materials in applications related to cutting and drilling tools. Particularly cubic carbides, but also nitrides, are very promising because of their high hardness. [1] [2] [3] [4] Beyond the traditional binary carbides, more complex phases exist, including the so-called MAX phases and complex pseudobinaries that sometimes occur as intermediate step. 5, 6 The formation processes of these classes of materials can thus be influenced by the presence of pseudobinary phases which allow the MAX phase to grow by diffusion-controlled processes.
While some MAX phases have been directly deposited without the need of a seed layer at lower temperatures (~ 500 °C), in the case for example of Cr2AlC 7, 8 , MAX phases in the Ti-Al-C systems are usually deposited at higher temperatures and often require either a seed layer of TiCx and/or an annealing step [9] [10] [11] . Indeed, Wilhelmsson et al. have discussed the deposition of ternary films in the Ti-Al-C system, using a seed layer of TiCx. 11 They have shown that MAX phases are obtained at high temperatures (> 800 °C), while Al starts dissolving in the TiCx seed layer at temperatures as low as 300 °C. In PVD, nonequilibrium phases can readily occur. For example, in Ti-Al-C films, the dissolved Al content can be much higher than the equilibrium concentration. Furthermore, Frodelius et al. have reported the deposition of a (Ti, Al)C solid solution when attempting to deposit the MAX phase from a Ti2AlC compound target.
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Sputter-deposition from elemental targets is typically preferred for research on growth processes as a finer control of the composition can be attained. However, industrial development requires simpler and faster processes. One way of going about is to use compound targets. While the use of a single target simplifies the deposition conditions, the composition obtained in the film may be different than that of the target at discussed in several cases for Here, we investigate the carbide phases formed when growing from a (Ti,Zr)2AlC target using sputter-deposition at various substrate temperatures. Initial growth of (Ti,Zr)C carbides was observed for deposition times of 30 min. Longer deposition times at 900 °C have resulted in films containing more than one phase of which the MAX phase.
Experimental Details
ZrH2 (<6 μm, >99% purity, Chemetall, Germany), TiH2 (<8 μm; >99% purity; Chemetall, Germany), Al (<5 μm, >99% purity, AEE, United States), and C (<5 μm, >99% purity, Asbury removed by grinding and target was machined using electrical discharge machining (EDM).
Films were deposited by magnetron sputtering using the 2-inch (Ti0.5, Zr0.5)2AlC compound target. The base pressure in the deposition chamber was kept below 2 × 10 -7 Torr while the working pressure in presence of Ar was 6 Pa (4.5 mTorr). The target was placed on-axis below the substrate holder at a distance of 180 mm.
The target was operated in constant power mode with a value of 50 W. Rotation was applied to the substrates at 10 RPM. Finally, depositions were carried out at different temperatures from 500 to 900 °C, with increments of 100 °C. Depositions were carried out for 30 min on MgO (111) and Al2O3 (0001) substrates which were cleaned prior to deposition in ultrasonic bath of acetone and isopropanol for 5 min each. Depositions of 60 min were carried out on Al2O3 (0001) which were also cleaned prior to deposition.
The structural properties of the target and the deposited films were investigated using X-ray diffraction (XRD), using a standard θ-2θ geometry in a Panalytical X'pert MRD with Cu (Kα radiation. Film thicknesses were obtained using X-ray reflectivity (XRR) in a Philips X'Pert MRD system and were confirmed by scanning electron microscopy (Zeiss SEM Leo 1550
Gemini).
The time-of-flight-energy elastic recoil detection analysis (ToF-E ERDA) was measured at the Tandem Accelerator Laboratory of Uppsala University. This technique used 36 MeV 127 I 8+ ions as incident beam impinging onto the samples at an incoming angle of 67.5° with respect to the surface normal and the induced recoiling particles were detected by two carbon foil time detectors and Silicon p-i-n diode energy detector for energy discrimination at an angle of 45° with respect to the incoming ion beam. The measured ERDA spectra were converted to depth profiles by using the Potku code 16 .
Transmission Electron Microscopy (TEM) analysis was performed on an electron transparent, cross-sectional lamella, prepared from the film deposited during 60 min at 900 °C with Focused
Ion Beam (FIB), using a Carl Zeiss Cross-Beam 1540 EsB system. TEM was performed at 200 5 kV using a Tecnai G2 TF20 UT electron microscope. Energy dispersive X-ray spectroscopy (EDXS) was conducted in scanning (STEM) mode.
Results and Discussions
The (Ti,Zr)2AlC target was analyzed prior to deposition in order to verify the phases present and the homogeneity of the composition. The compositions and lattice parameters corresponding to each film are given in Table 1 . The lattice parameters of the carbides do not follow a particular trend with respect to the substrate temperature. Therefore, one can assume that these differences are related to Al content within the carbide. The shrinkage and subsequent expansion of the lattice can be related to a dissolution of Al within the carbide. To confirm this hypothesis, ERDA measurements were carried out on the films deposited at each temperature on MgO substrates, to be able to extract the Al contribution related to the film. One can notice that the Ti to Zr ratio is very close to 1 : 1 which is also the ratio of the target. The carbon composition seems stable with respect to the temperature. However, it is slightly higher than the 2:1:1 MAX phase composition. Finally, Al is indeed present in the film and constitutes 10 to 15 at.% of the composition, depending on deposition temperature. for the case of 1 : 1 ratio of Ti : Zr. 17 Therefore, the MAX phase identified here is not the (Ti0.5, Zr0.5)2AlC ones, but rather a Ti-rich MAX phase such as the (Ti0.8, Zr0.2)2AlC MAX phase reported in the same work. One can then assume that the peaks appearing between 700 and 800 °C, corresponds to a Ti-rich carbide which is transitioning into the MAX phase, while the (Tix,Zr1-x)C carbide becomes richer in Zr. We can therefore say with confidence, that the 1:1 ratio in the case of the Ti:Zr solid solution is not favorable and the MAX phase cannot be generated. Furthermore, we are able to synthesize this MAX phase at a different metal to metal ratio, however, a thick enough carbide interlayer is required. The microstructures of the films were then observed using scanning electron microscopy, of which a representative micrograph of each is given in Figure 5 . One can notice how the grains increase in size with increasing substrate temperature from 500 to 700 °C. one can also observe that at 700 and 800 °C, the microstructure looks a bit more defined in terms of grain shape.
Also, the larger grains seem to be surrounded by non-uniform smaller grains. In order to understand the crystal structure of the aforementioned microstructural features, TEM micrographs and SAED patterns of the film and the interface were investigated Figure 7 (ICSD code: 618971), which is in good agreement with our previous elemental analysis. Owing to its narrow, sandwiched nature it was not possible to isolate the interface, therefore, we collected the diffraction pattern from all three areas of interest (Figure 7(c) ). FFT performed along the HRTEM micrograph (Figure 7(d) ) of the interface shows that the interface is not crystallographically uniform, which correlates with the elemental analysis results. The analysis of the crystal structure of the interface is still under investigation and will make the object of further studies to come. 
Conclusions
We have successfully deposited the mixed (Ti,Zr)C carbide containing up to 15 at.% of Al from a compound (Ti,Zr)2AlC target as evidenced by ion beam analysis. Higher substrate temperatures and longer deposition times have resulted in films containing both the mixed carbide and MAX phase protrusions. The identified MAX phase, however, did not correspond to the MAX phase of the target, which is attributed to the composition difference observed using compound targets. Furthermore, we evidenced the presence of an interlayer between the Al2O3 substrate and the film deposited at 900 °C. Indeed, the interlayer appears to be separated in two compositionally different layers, one of them being Ti-rich (close to the substrate) and the other Zr-rich. Being unable to conclude on the interface structure, further investigations are carried out. Finally, the growth of the MAX phase seems to be affected by the presence of the interlayer but also by the temperature. Indeed, an intermediate phase between the carbide and the MAX phase has been detected at temperatures between 700 to 800 °C.
